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The 2011 Tohoku-Oki earthquake ruptured a large area of the megathrust east of NE Japan. The earthquake’s magnitude
was 9.0, substantially larger than predicted. It is important to know what occurred in the source area prior to this great
megathrust earthquake to improve understanding of the nucleation processes of large earthquakes and risk assessments
in subduction zones. Seafloor observation data revealed the existence of two extremely large slip patches: one just
updip of the mainshock hypocenter and the other 80–100 km to the north near the trench axis. For 70–90 years before
2003, M > 6 events and slips of M > c. 7 events on the megathrust occurred in the areas surrounding these two large
slip patches. Seismic activity had increased since at least 2003 in the downdip portion of the source area of the
Tohoku-Oki earthquake. In addition, long-term accelerated slow slip occurred in this downdip portion of the source
area in the decades before the Tohoku-Oki earthquake. About 1 month before the earthquake, a slow slip event (SSE)
took place at relatively shallow depths between the two large slip patches, accompanied by foreshock activity. Both the
slow slip and foreshocks propagated from north to south toward the southern large slip patch. Two days before the
earthquake, an M 7.3 foreshock and an associated postseismic slip began at relatively deep depths in the megathrust
between the two large slip patches. In addition, a slow slip type event seems to have occurred approximately half a
day after the M 7.3 foreshock near the mainshock hypocenter. This slow slip event and the foreshock activity again
propagated from north to south toward the mainshock hypocenter. These long- and short-term preceding seismic and
aseismic slip gradually reduced the interplate coupling, increased shear stresses at the two large slip patches (i.e., two
strong asperity patches), and finally led to the rupture of the great Tohoku-Oki earthquake.
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processIntroduction
The Mw 9.0 Tohoku-Oki earthquake on March 11, 2011,
the largest earthquake in the modern history of Japan, oc-
curred along the plate interface east of Tohoku, NE Japan.
The rupture area was approximately 500 km long and
200 km wide (e.g., Japan Meteorological Agency, http://
www.jma.go.jp/jma/indexe.html; Geospatial Information
Authority of Japan, http://www.gsi.go.jp/ENGLISH/index
.html), extending for about two thirds of the length of the
megathrust zone east of the NE Japan arc. The earth-
quake caused severe damage in NE Japan. In particular,* Correspondence: hasegawa@aob.gp.tohoku.ac.jp
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reproduction in any medium, provided the origthe massive tsunami it generated caused many casual-
ties along the Pacific coast, resulting in nearly 20,000
dead or missing individuals.
The 2011 Tohoku-Oki megathrust earthquake was an
unprecedented great earthquake because of the amount
and quality of observation data. It occurred in the most
densely instrumented subduction zone in the world. Na-
tionwide dense seismic and GPS networks, with a station
separation of c. 20 km, were deployed on land in the
Japanese islands after the 1995 M 7.3 Kobe earthquake.
Seafloor geodetic monitoring systems with GPS-acoustic
ranging were deployed on the landward slope of the major
trenches. Particularly, prior to the Tohoku-Oki earth-
quake, intensified observations of the seafloor through
seismic and geodetic monitoring, including ocean bottomer. This is an Open Access article distributed under the terms of the Creative
mmons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
inal work is properly credited.
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Miyagi Prefecture, where an extremely large slip occurred
in the Tohoku-Oki earthquake. This is because of the high
probability of earthquake occurrence in this area as
assessed by the Government’s Headquarters for Earth-
quake Research Promotion (Earthquake Research Com-
mittee, Headquarters for Earthquake Research Promotion,
http://www.jishin.go.jp/main/index-e.html), although the
forecast itself, based mainly on records of previous large
earthquakes, dramatically underestimated the magnitude
of the 2011 event. The maximum forecast magnitude for
this area was 8.2, much smaller than the Mw 9.0 event
that actually occurred.
The abundant data collected can improve our under-
standing of this megathrust earthquake, including the
rupture process, the large size of the generated tsunami,
and why such a large magnitude (Mw 9.0) earthquake
occurred in this subduction zone. Numerous papers
have been published based on various analyses of these
data. Several papers [1–7], including a review paper [8],
report anomalous earthquake activities and/or slow slip
events (SSEs) in the source area preceding the Tohoku-
Oki earthquake. Some of the observational evidence in
these reports was obtained from the intensified observa-
tions of the seafloor geodetic monitoring in the source
area. It is particularly important to know the details of
what occurred overall in the source area prior to this
great megathrust earthquake, to improve our under-
standing of the stress accumulation and nucleation pro-
cesses of large earthquakes and for seismic hazard
assessments and mitigation in subduction zones. In this
review, we focus on the activity of earthquakes and
SSEs in the source area of the 2011 Tohoku-Oki earth-
quake in the pre-mainshock period and their relation
to the mainshock rupture.
Review
Coseismic slip distribution: two large slip patches
Many researchers have studied the coseismic slip distri-
bution and rupture process of the M 9.0 Tohoku-Oki
megathrust earthquake by analyzing seismic, geodetic,
and tsunami data. Slip distributions, estimated soon after
this earthquake, can be classified into two groups: one
having a large slip near the trench axis [9–13] and the
other having a large slip near the mainshock hypocenter
[14–18]. Subsequently, data from instruments installed
at the sea bottom right above the source area were pub-
lished, and these seafloor geodetic data provided clear
evidence for a large slip in the near-trench area [19–21].
For example, GPS-acoustic ranging data show that the
horizontal displacement at a site c. 50 km landward of
the trench axis amounts to 31 m toward the ESE, in
contrast to the maximum value of 5.3 m from onshore
GPS data along the Pacific coast. Information on crustaldeformation was also provided by OBP gauges installed
directly above the source area. Slip inversions including
these seafloor data indicate an anomalously large slip in
the near-trench area far off-Miyagi Prefecture, with the
maximum slip exceeding c. 50 m.
The large near-trench slip seems to be consistent
with the spatial distribution of aftershocks that oc-
curred at the plate interface. After the Tohoku-Oki
earthquake, interplate earthquakes did not occur in the
mainshock large slip area but only in the surrounding
areas [22]. Repeating earthquakes and smaller magni-
tude interplate earthquakes also did not occur in the
large slip area after the Tohoku-Oki earthquake [23].
The stress field estimated from focal mechanisms also
seems to support the large near-trench slip model. The
stress field in the upper plate was completely transformed
after the Tohoku-Oki earthquake. The minimum com-
pressive stress axis became oriented in the direction of the
large near-trench slip area, even near the trench axis,
which is consistent with the static stress change by the
large near-trench slip. This provides evidence for the large
near-trench slip at shallow depths during the mainshock
rupture [24].
Figure 1 shows coseismic slip distributions of the
Tohoku-Oki earthquake estimated from joint inversions
of onshore GPS and seafloor geodetic data (Fig. 1a–c)
[3,5,25] or of onshore GPS, seafloor geodetic, and tsu-
nami data (Fig. 1d) [26]. A zero slip boundary condition
was not implemented at the trench in these inversions.
As described above, all the slip models in the figure that
include the seafloor geodetic data have a common fea-
ture: a large slip occurs in the shallow part of the plate
interface near the trench axis. Looking at the models in
more detail, another common feature exists: the large
slip area is divided into two large slip patches separated
by a zone of relatively low slip. One patch is located just
updip of the mainshock hypocenter, and the other is lo-
cated 80–100 km to the north of the first patch. The ex-
ception to this distribution is the model in Fig. 1a, in
which the largest slip is located at the shallowest portion
of the plate interface along the trench axis, although
even in this model, relatively large slips are distributed
at the same locations as the two large slip patches in
the other models. The locations of the two large slip
patches mentioned above are almost identical among the
remaining three slip models (Fig. 1b–d), although slight
differences are visible in the northern patch, which may
be due to the spatial resolution of the inversions. Other
common features exist for the three models: peak slip
in the southern patch is larger than in the northern
patch, and the peak slip in this primary patch occurs
just updip of the mainshock hypocenter (70–90 km
landward of the trench axis), in contrast to the north-
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Fig. 1 Coseismic slip distribution of the 2011 Tohoku-Oki earthquake estimated from inversions of data including seafloor geodetic data. Slip
models by a Iinuma et al. [25] (contour interval: 10 m with 5-m contour line), b Ozawa et al. [3] (contour interval: 8 m with 2 m- and 4 m-contour
lines), c Sato et al. [5] (contour interval: 10 m with 4-m contour line), and d Romano et al. [26]. In d, slip is shown by the color scale, and thin black
contours indicate the interseismic coupling (from 10 % to 100 %, at 10 % intervals). The star represents the mainshock hypocenter
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axis. Thus, the slip models in Fig. 1 are divided into
two groups: one (group 1) having the largest slip at theshallowest portion (Fig. 1a) and the other (group 2)
having two large slip patches at the shallow plate inter-
face (Fig. 1b–d).
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among the slip models shown in Fig. 1 to estimate coseis-
mic slip distribution. For example, the model shown in
Fig. 1d did not involve a large upheaval at the station
(TJT1) located above the large slip area c. 20 km landward
of the trench axis. In this area, the easternmost portion of
the upper plate is an accretionary prism, composed of ex-
tremely low rigidity materials, with a width of 25–30 km
[27,28]. It is probable that an inelastic response was in-
volved to some extent in the extremely large upheaval at
that station, and so the data may not be appropriate for in-
clusion in the slip inversion, as noted by Romano et al.
[26]. The dip angle of the assumed fault plane at the shal-
lowest portion is also different among the slip models in
Fig. 1, which strongly affects the estimated slip amount for
this area. Thus, it is difficult to determine whether or not
the largest slip actually occurred at the shallowest portion
of the plate interface.
Here, we infer the slip distribution from a different set
of data: spatial distribution of the principal stress orien-
tations in the footwall after the Tohoku-Oki earthquake.
We estimated the stress orientations in the Pacific plate
by stress tensor inversions of focal mechanisms for
events that occurred after the Tohoku-Oki earthquake.
Focal mechanism data are from F-net CMT solutions de-
termined by the National Research Institute for Earth
Science and Disaster Prevention (NIED). We estimated
the principal stress orientations in the vicinity of each
focal mechanism as follows. First, we set the maximum
range of the distance between the slave event and the
master event (r). We then estimated principal stress ori-
entations at the hypocenter of each focal mechanism
(master event) by applying the stress tensor inversion
code of Michael [29] to the data of all focal mechanisms
(slave events) located within r kilometers if the number
of such events was <25. If the total number of these
events was >25, we used the 25 events closest to the
master event. If there were <10 qualifying events, we did
not estimate the principal stress orientations at that
master event location. We took r to be 40 km in the
horizontal direction and 25 km in the vertical direction.
The orientations of the maximum and minimum princi-
pal stress axes in the Pacific plate are shown in Fig. 2a–
b, respectively. The slip distribution of the Tohoku-Oki
earthquake, estimated, for example, by Ozawa et al. [3],
is also shown in the figure as representative of group 2.
The figure shows that earthquakes that occurred in the
footwall are concentrated just to the ESE and to the
WNW of the southern primary large slip patch. Events
just to the ESE of the patch have the maximum principal
stress axes oriented trench-parallel and the minimum
principal stress axes oriented trench-perpendicular. In con-
trast, events just to the WNW of the patch have the max-
imum principal stress axes oriented trench-perpendicularand the minimum principal stress axes oriented trench-
parallel. These stress orientations can be explained by the
existence of the southern primary large slip patch in group
2 if these events, which occurred in the footwall after the
mainshock, were triggered by the static stress change of
the mainshock rupture. The model with the largest slip at
the shallowest portion of the plate interface (group 1) can-
not explain these stress orientations. A similar hypothesis
was put forward by Chiba et al. [30], who investigated the
stress field in the focal area of the Tohoku-Oki earthquake.
They noted that the aftershock focal mechanism distribu-
tion in the footwall constrains the spatial distribution of
the moment release of the Tohoku-Oki earthquake: the
largest moment release is located just updip of the main-
shock hypocenter rather than in the vicinity of the trench
axis. This is consistent with the southern primary large
slip patch commonly visible in the group 2 slip models.
For the northern secondary patch, trench-parallel oriented
maximum principal stress axes are not visible at locations
landward of the trench axis, supporting the northern
patch reaching the trench axis.
Large earthquakes that occurred in the footwall after
the Tohoku-Oki earthquake also support the group 2
slip models. Five Mw > 7 earthquakes occurred around
the source area in the Pacific plate after the Tohoku-Oki
earthquake. One of these events, on December 7, 2012,
was a doublet that occurred in the trench-outer rise re-
gion. An Mw 7.2 thrust event first ruptured at depths of
50–70 km, followed by an Mw 7.1–7.2 normal-faulting
event about 27 km to the SSW at depths of 10–30 km
[31]. The centroid locations of the doublet and the other
four Mw > 7 events are shown in Fig. 2c. The orange
and blue lines attached to the centroid locations are the
orientations of the P- and T-axes. A comparison of the
slip distribution with the locations of the Mw > 7 events
clearly shows that these events occurred at locations
where the shear stress increased favorably, triggering
these large events by the static stress change of the
mainshock rupture. Four Mw > 7 normal or strike-slip
faulting events are located to the ESE of the southern
primary large slip patch, with the T-axis oriented trench-
perpendicular, and an Mw 7.1 thrust event near the
coast line located to the WNW of the southern large slip
patch with the P-axis oriented trench-perpendicular,
which indicates that the increased stress due to the static
stress change is large at these locations. The exception is
the Mw 7.2 thrust event (50–70 km deep) that occurred
as the first event of the doublet. This corresponds to the
compressional deep trench-outer rise event [32] of the
double-planed shallow seismic zone in the forearc region
[33]. This event was located slightly further from the
plate interface along which the mainshock slip occurred,
and so the amplitude of the static stress change was rela-
tively small at this event location. This event may have
(a)






















Fig. 2 Orientations of a σ1 axis and b σ3 axis obtained by stress tensor inversions of events that occurred in the Pacific plate. Orientation of the
best-fit σ1 axis or σ3 axis is shown by the bar at each event location. The length of the bar corresponds to the plunge of the σ1 or σ3 axis. c Centroid
locations of M > 7 earthquakes that occurred within the Pacific plate. The attached orange and blue bars denote the orientations of P- and T-axes. The
length of the bar corresponds to the plunge of the P-axis or T-axis. The coseismic slip distribution of the Tohoku-Oki earthquake [3] is also
shown by contours
Hasegawa and Yoshida Geoscience Letters  (2015) 2:6 Page 5 of 13occurred because of the increased plate bending stress
due to the mainshock rupture.
As described above, the slip distribution commonly
visible in the group 2 slip models (Fig. 1b–d) is sup-
ported by the spatial distribution of the focal mecha-
nisms of earthquakes that occurred in the Pacific
plate after the Tohoku-Oki earthquake. On the other
hand, the group 1 slip model (Fig. 1a) cannot explain
the observed spatial distribution of the focal mecha-
nisms and so will be excluded from the discussion
hereafter.
Romano et al. [34] also estimated the coseismic slip
distribution of the Tohoku-Oki earthquake by a joint in-
version of onshore GPS, seafloor geodetic, and tsunami
data, but their slip model is not included in this review.
A three-dimensionally heterogeneous structure model was
used in their inversion, and the depth-dependent rigiditycaused a slightly different spatial pattern of coseismic
slip compared with that in Fig. 1d of Romano et al. [26],
which was obtained under the assumption of homoge-
neous elastic constants. We cannot directly compare
the slip model of Romano et al. [34] with slip distribu-
tions of preceding earthquakes and SSEs, since they
were estimated under the assumption of homogeneous
elastic constants. Therefore, we did not use the slip
model of Romano et al. [34] but used slip models ob-
tained using homogeneous elastic constants, as shown
in Fig. 1. Moreover, if we convert the slip distribution
in Romano et al. [34] to a moment release distribution,
we would expect to obtain a similar spatial pattern to
that in the slip model of Romano et al. [26], because
the trend of large slips at shallower depths, compared
with Romano et al. [26], is caused mainly by the depth-
dependent rigidity.
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earthquake
Seismic activity before 2003
The maximum slip at the two large slip patches is esti-
mated to be 50–65 m (Fig. 1). The convergence rate in
this subduction zone is 8–9 cm/year [35,36], and there-
fore such a large slip would take several hundred years
to accumulate and the two large slip patches must have
been locked for this period. Data observed by the instru-
ments, however, date back to c. 100 years ago at the
most. Sato et al. [5] investigated the preceding seismic
activity in the source area of the Tohoku-Oki earthquake
based on the Japan Meteorological Agency (JMA) cata-
log since 1923. They pointed out that large earthquakes
with M > 6 that occurred during the c. 90 years preced-
ing the Tohoku-Oki earthquake were located away from
the two large slip patches. Figure 3 plots the latitudes of
hypocenters against time for earthquakes with M > 6
that occurred beneath the Pacific Ocean in and around
the source area before the Tohoku-Oki earthquake [5].
Several earthquake clusters stand out in the figure. They
are the 1933 Sanriku earthquake that occurred in the
outer rise region, the 1936 and 1978 off-Miyagi earth-
quakes that occurred in the deep thrust zone, the 1939,
1958, and 1981 far off-Miyagi earthquakes that occurred
in the shallow thrust zone, and the 1938 off-Fukushima
earthquakes that occurred in the shallow to deep thrust
zone. Seismic activity in the source area had been rela-
tively calm from the late 1930s, although the 1958, 1978,Fig. 3 Spatiotemporal distribution of M ≥ 6 events that occurred in the are
to magnitude. Their focal depths are shown by the color scale at the botto
The star shows the hypocenter of the Tohoku-Oki earthquake. Events locatand 1981 events occurred in this area. This relatively
calm period continued for c. 64 years until 2003.
Yamanaka and Kikuchi [37] and Murotani et al. [38]
estimated slip distributions of c. M > 7 earthquakes that
occurred on the megathrust east of NE Japan for the last
c. 70 years by waveform inversions of nearfield strong
motion records. The slip distributions of events obtained
for this period are shown by the pink contours in Fig. 4a.
A comparison with the slip distribution of the Tohoku-
Oki earthquake (white contours) shows that the slips of c.
M > 7 earthquakes, except the 1981 event, on the plate
interface occurred in areas surrounding the large slip area
of the Tohoku-Oki earthquake. Even for the 1981 event,
the slip area is located in the region of relatively low slip
between the two large slip patches described above. This
indicates that the two large slip patches of the Tohoku-
Oki earthquake were locked throughout this period,
whereas the interplate coupling in the surrounding areas
gradually reduced owing to the slips of these earthquakes.
Earthquake and SSE activity from 2003 to January 2011
From 2003, after the relatively calm period of c. 64 years,
seismic activity in the source area of the Tohoku-Oki
earthquake increased remarkably. In the c. 8 years preced-
ing the Tohoku-Oki earthquake, six c. M 7 events occurred
in the source area, in contrast to the lack of such events in
the preceding c. 22 years. SSEs also began to occur on the
plate interface after about 2003. These activities continued
until the occurrence of the Tohoku-Oki earthquake.a 36.5°–39.5° N, 140.0°–145.5° E [5]. Events are shown by circles scaled
m. Gray bars indicate prominent seismic activities at shallow depths.
ed on land are shown by black circles
Fig. 4 Seismic and aseismic slip history along the plate interface prior to the Tohoku-Oki earthquake. a 1923–2002. Coseismic slip distributions of
c. M > 7 interplate earthquakes [37,38] are shown by pink contours. b 2003 to January 2011. Coseismic slip distributions of c. M > 7 interplate
earthquakes [1,37] are shown by pink contours. Aseismic slip from 2003 to January 2011 including postseismic slips after five c. M 7 events since
2003 [3] are shown by orange contours. c February 2011 to March 11, 2011. The slip area of an SSE that occurred in February [4] is shown by a
rectangle of orange lines. The slip areas of the March 9 M 7.3 foreshock and of the postseismic slip [39] are shown by pink and orange ellipses,
respectively. White contours represent the coseismic slip distribution of the Tohoku-Oki earthquake [3]. Hypocenters of events that occurred associated
with the February SSE and with the M 7.3 foreshock [2] are shown by white and yellow circles, respectively. Red diamonds represent the locations of
OBP gauge stations. The second and third stations from the trench axis are GJT3 and P09, respectively
Hasegawa and Yoshida Geoscience Letters  (2015) 2:6 Page 7 of 13Suito et al. [1] noticed that postseismic slips of these c.
M 7 earthquakes were anomalously large. The geodetic
inversions of terrestrial GPS data for five of these c. M 7
earthquakes showed that the total moment released by
postseismic slips was much larger than that by coseismic
slips. Time-dependent analysis of the GPS data for the
period from 2003 to January 2011 by Ozawa et al. [3]
showed a remarkable aseismic slip distributed over a
broad region of the source area, as shown by orange
contours in Fig. 4b. Time evolution of the moment re-
leased by this aseismic slip is shown in Fig. 5, which
shows remarkable moment releases after the c. M 7earthquakes (vertical dotted lines in the figure) lasting
for a very long time. The total moment of this aseismic
slip, which includes the postseismic slips of the five c. M
7 earthquakes, is c. Mw 7.7, about 2.5 times as large as
that of the coseismic slips of these c. M 7 events. Figure 4b
shows that these postseismic slips, together with coseis-
mic slips, reduced the interplate coupling rate in the
downdip portion (or SW portion) of the source area of
the Tohoku-Oki earthquake after 2003. These aseismic
and seismic slips seemed to partly invade the southern pri-
mary large slip patch. Namely, these preceding aseismic
and seismic slips eroded the locked region, suggesting
aFig. 6 Estimated decadal-scale slow slip acceleration prior to the Tohoku-O
interface after inverting GPS position time series accelerations. Colors indicate
Black contours represent the coseismic slip distribution of the Tohoku-Oki eart
black curves show the east component time series after removing comm
and the blue and green curves show fits obtained after removing offsets a
times of detected antenna offsets (black) and earthquakes (red). Initial lin
Fig. 5 Time evolution of the moment released by the aseismic slip
on the megathrust east of central to south Tohoku during the period
from 2003 to January 2011 [3]. Vertical broken lines show the times of
the five c. M 7 interplate events since 2003
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Tohoku-Oki earthquake appears to have been controlled
by these multiple preceding slip events.
Mavrommatis et al. [6] modeled the GPS position time
series in NE Japan as linear trends plus a constant accel-
eration, correcting for coseismic and postseismic effects
from c. Mw > 6.5 earthquakes, for the period from 1996
to 2011, before the Tohoku-Oki earthquake (Fig. 6). They
found spatially coherent and statistically significant long-
term accelerations in the GPS time series at stations
throughout Tohoku, NE Japan. The accelerations of GPS
time series they observed at stations in northern Tohoku
can be explained by the postseismic deformation from the
pre-1996 subduction earthquake that was still decaying in
the period after 1996. However, the accelerations of
GPS time series they observed at stations in south-central
Tohoku were not related to such postseismic effects. The
long-term accelerations are associated with a decrease in
the average contraction rate in the plate convergence dir-
ection and therefore can be explained by an increasing
aseismic slip rate on the megathrust and/or by updip mi-
gration of aseismic slip from the deep plate interface in














ki earthquake [6]. a Distribution of slow slip acceleration on the plate
the magnitude, and vectors indicate the direction of slow slip acceleration.
hquake [3]. b GPS position time series at station 0036 (Onagawa). The
on-mode errors, the red curves show postseismic transient model fits,
nd postseismic transients, respectively. Vertical broken lines mark the
ear trends have been removed
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tions at GPS stations in NE Japan for the period preceding
the Tohoku-Oki earthquake by removing the coseismic
and postseismic slips of nearby Mw 6–8 earthquakes.
They found a similar long-term transient, which is prob-
ably identical to that found by Mavrommatis et al. [6]. The
slip area of the long-term transient they estimated on the
plate interface is almost consistent with that shown in
Fig. 6a.
The area of the postseismic slip estimated by Ozawa
et al. [3], which is shown in Fig. 4b, is also almost identi-
cal to the slip area of the long-term transient estimated
by Mavrommatis et al. [6], as shown in Fig. 6a. This in-
dicates that the anomalously large postseismic slips of
the c. M 7 earthquakes reported by Suito et al. [1] are
explained by the fact that this long-term transient on the
plate interface was also included in their inversions of
postseismic slips of the c. M 7 earthquakes. Not only
coseismic and postseismic slips of the c. M 7 events but
also an accelerated aseismic slip occurred for >10 years
before the Tohoku-Oki earthquake in the downdip por-
tion (or SW portion) of the source area. This long-term
precursory aseismic slip eroded the locked region com-
posed of the two large slip patches.Fig. 7 Space-time plot of earthquakes detected by the waveform correla
February 13, 2011, to the Tohoku-Oki earthquake [2]. Event locations are
axis (vertical axis) by blue circles scaled to magnitude. Red and green stars
the Mw 9 mainshock and the Mw 7.3 largest foreshock, respectively. (Inse
Earthquake Migration Zone (EMZ) after the Mw 7.3 foreshock. The range
SSE that started c. 1.5 days before the Tohoku-Oki earthquakeForeshock and SSE activity just before the mainshock
About 1 month before the Tohoku-Oki earthquake, fore-
shock and SSE activity began in close proximity to the
two large slip patches.
OBP gauges installed directly above the source area
detected an SSE that occurred in February 2011, just be-
fore the 2011 Tohoku-Oki earthquake [4]. This SSE took
place at a relatively shallow depth between the two large
slip patches, as shown in Fig. 4c by a rectangle of red
broken lines. It lasted for c. 1 month, reaching c. Mw 7.0.
This quasi-static slip propagated from north to south to-
ward the southern large slip patch. Associated with this
SSE, earthquake activity also began. Based on the wave-
form correlation method using template earthquakes lo-
cated by the JMA, Kato et al. [2] identified a distinct
foreshock sequence associated with the SSE, migrating
toward the southern large slip patch (white circles in
Fig. 4c). Figure 7 shows a space-time plot of the earth-
quakes, showing the propagation of hypocenters from north
to south toward the southern primary large slip patch at a
speed of 2 km/day for the first c. 6 days and of 5 km/day
for the latter 5 days or so. The northern and southern edges
of the estimated slip area of the SSE are not well
constrained because of poor OBP station coverage in thistion method using template earthquakes during the period from
shown in terms of the distance along an axis parallel to the trench
denote repeating earthquakes. The large black and yellow stars are
t) Temporal variations in seismicity rate inside and outside of the
of the EMZ is shown on the right. The red arrow shows onset of an
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the slip area might be slightly shorter than that shown in
Fig. 4c; the N–S extent of the hypocenter distribution for
the corresponding foreshocks (white circles) estimated by
Kato et al. [2] is slightly shorter than the slip area of the
SSE (a rectangle of red broken lines). Thus, the slip area
of the SSE is probably located in the area between the two
large slip patches. A similar type of SSE was also detected
by OBP gauges [4]. This similar SSE occurred over period
of a week in November 2008 at the same location on the
plate interface, reaching c. Mw 6.8.
On March 9, 2011, two days before the earthquake, an
M 7.3 foreshock occurred in the vicinity of the hypocen-
ter of the Tohoku-Oki earthquake. The slip area of this
M 7.3 event, estimated from onshore GPS and OBP
gauge data [39], is shown by a pink ellipse in Fig. 4c.
The figure shows that it was again located at the plate
interface between the two large slip patches but rela-
tively deep compared with the SSE that had begun about
1 month earlier (the rectangle of red broken lines in
Fig. 4c). This M 7.3 foreshock was accompanied by after-
shock activity and postseismic slip. Hypocenters of the
aftershocks are shown by yellow circles in Fig. 4c. The
postseismic slip, again estimated from onshore GPS and
OBP gauge data [39], is shown by an orange ellipse in
Fig. 4c. The postseismic slip broke an area just updip of
the coseismic slip area and propagated from north to
south toward the hypocenter of the Tohoku-Oki earth-
quake. The estimation using the waveform correlation











Fig. 8 Time series of seafloor level variations at 8 OBP gauge stations for 1
fluctuations [40]. Dashed curves show temporal variations due to the postse
observations. The red arrow shows onset of an SSE that started c. 1.5 daysof the M 7.3 foreshock also propagated toward the hypo-
center of the Tohoku-Oki earthquake at a speed of c.
10 km/day (Fig. 7). The postseismic slip lasted for more
than 2 days, reaching c. Mw 6.8 [39], and finally leading
to the rupture of the Tohoku-Oki earthquake.
As described above, for a time scale of decades before
the Tohoku-Oki earthquake, there occurred a long-term
transient (i.e., the accelerated slow slip) in the downdip
portion of the source area on the megathrust (Fig. 6b)
[6]. However, for a time scale of approximately 1 day
before the Tohoku-Oki earthquake, no significant accel-
erating preslip was detected. Hino et al. [40] carefully
examined OBP gauge records obtained near the main-
shock hypocenter (locations of OBP stations are shown
by red diamonds in Fig. 4c). Nontectonic coherent fluc-
tuations visible at all the stations were removed by sub-
tracting the first principal component of the principal
component analysis of the records. After removing these
oceanographic effects, they obtained a time series of sea-
floor vertical deformation in the area near the main-
shock hypocenter with a noise level of 2–4 cm. The
obtained time series is shown in Fig. 8. The postseismic
deformation that began after the M 7.3 foreshock and
decayed as shown by log-t fitting of the postseismic slip
(dotted curves) is apparent in the figure [40]. Looking at
the figure in more detail, however, a component exists that
does not obey the log-t curve but shows the onsets of
pressure changes delayed by about half a day as shown by
a red arrow. Delayed onset of pressure increases is particu-
larly noticeable at stations P09 and GJT3, which suggests7 8 9 10 11
rch 2011)
1 days prior to the Tohoku-Oki earthquake after reducing nontectonic
ismic slip after the Mw 7.3 foreshock, obtained by log-t fitting to the
before the Tohoku-Oki earthquake
Fig. 9 P-wave velocity perturbations along a plane directly above the
upper surface of the subducting Pacific plate [41]. The velocity
perturbation (%) scale is shown at the bottom. Red and blue correspond
to low and high velocities, respectively. Open circles denote M ≥ 6
earthquakes for the period from 1900 to 2008. White contours represent
the slip distribution of the Tohoku-Oki earthquake [3]. A large star denotes
the mainshock hypocenter. Smaller stars show hypocenters of the M 7.3
foreshock and M>7 aftershocks that occurred just after the mainshock
Hasegawa and Yoshida Geoscience Letters  (2015) 2:6 Page 11 of 13that a slow slip type event, rather than an afterslip, oc-
curred and is included in the observed OBP gauge records.
The south group of the seismic activity after the M 7.3
foreshock (inside “Earthquake Migration Zone (EMZ)”)
also has a peak delayed by approximately half a day as
shown by a red arrow in the inset at the top right in Fig. 7
[2]. This seismic activity in the south that migrated toward
the mainshock hypocenter might have occurred in associ-
ation with the slow slip type event mentioned above. Thus,
although no significant accelerating preslip was detected,
it seems that, in addition to the afterslip of the M 7.3 fore-
shock, there occurred a slow slip event that started c.
1.5 days before the Tohoku-Oki mainshock and migrated
toward the mainshock hypocenter.
The history of the seismic and quasi-static slips along
the plate interface described above and the slip distribu-
tion of the Tohoku-Oki earthquake, as summarized in
Fig. 4, suggest the existence of persistent locked areas that
probably correspond to strong asperity patches. Seismic
and aseismic slips on the megathrust surrounding these
two strong asperity patches (i.e., the two large slip patches)
increased shear stress and finally quasi-static slips propa-
gated toward the initial rupture point of the Tohoku-Oki
earthquake within the southern strong patch, triggering
the great M 9.0 megathrust earthquake. This is what
actually occurred in the source area prior to this great
megathrust earthquake, which is important in relation to
understanding the nucleation processes of great mega-
thrust earthquakes.
Discussion
The preceding slip history in the source area on the
megathrust and the coseimic slip distribution of the
Tohoku-Oki earthquake suggest the existence of a per-
sistent locked area. The slip amount of 50–65 m indi-
cates that this area had been locked for several hundred
years. The core of this persistent locked area is thought
to be composed of two strong asperity patches existing
in the shallow portion of the megathrust zone. It is im-
portant to understand what causes such strong asperity
patches on the plate interface.
Structural heterogeneities in the megathrust zone prob-
ably play an important role in the formation of such
strong asperity patches. Zhao et al. [41] obtained a 3D
seismic velocity structure in and around the source area of
the Tohoku-Oki earthquake using local P-, S-, and sP-
wave arrival times. Figure 9 shows the obtained P-wave
velocity perturbations along the plate interface, together
with the slip distribution of the Tohoku-Oki earthquake.
The two large slip areas are located at P-wave high-
velocity zones on the plate interface, whereas the areas to
the north and south are characterized by P-wave low vel-
ocities. Similar correspondences between large slip areas
(asperities) and P-wave high-velocity regions on the faulthave been found for some of shallow inland earthquakes
[42–44]. For the present megathrust earthquake, Zhao
et al. [41] pointed out that the P-wave high-velocity patches
in the megathrust zone may result from subducted sea-
mounts or other topographic highs or compositional
changes on the seafloor of the Pacific plate that become
strong asperities where the upper and lower plates are
strongly coupled. In contrast, the P-wave low-velocity
areas in the megathrust zone may contain subducted sedi-
ments and fluids that cause the upper and lower plates to
become weakly coupled or even decoupled.
A potential problem with this interpretation is the
spatial resolution of the obtained P-wave velocity image.
Arrival time data used in the tomographic inversions were
obtained at routine seismic stations on land. A dense tem-
porary OBS network was deployed after the Tohoku-Oki
Hasegawa and Yoshida Geoscience Letters  (2015) 2:6 Page 12 of 13earthquake above the large slip area. However, the result
from Zhao et al. [41] cannot be confirmed from the tomo-
graphic image obtained using data from this network [45].
This is because the spatial extent of the OBS network was
too small for confirmation; only the southern asperity
patch was covered by the network. Further investigations
of seismic tomography with higher spatial resolutions are
required, based on a dense OBS network covering a
broader area that includes the two strong asperity patches.
Conclusions
We have reviewed the activity of earthquakes and SSEs
in the source area prior to the Tohoku-Oki earthquake.
Seafloor observation data from directly above the large
slip area of this event played an important role in con-
straining the coseismic slip distribution of the main-
shock, showing the existence of two extremely large slip
patches: one just updip of the mainshock hypocenter,
60–80 km landward of the trench axis, and the other
80–100 km to the north, near the trench axis. For c.
90 years before the Tohoku-Oki earthquake, M > 6 earth-
quakes occurred away from the two large slip patches. For
c. 70 years, until 2003, slips of c. M > 7 earthquakes on
the megathrust occurred in the areas surrounding the two
large slip patches. Seismic and SSE activity increased after
2003. Six c. M 7 events occurred for 8 years from 2003 to
2010 in contrast to a complete absence of c. M 7 events
for the preceding c. 22 years. These events occurred in the
downdip portion of the source area of the Tohoku-Oki
earthquake. Additionally, in this downdip portion of the
source area, an increasing slip rate on the megathrust
and/or updip migration of deep aseismic slip was observed
in the decades before the Tohoku-Oki earthquake. These
long-term precursory seismic and aseismic slips reduced
the interplate coupling, partly eroding the locked region
composed of the two large slip patches. About 1 month
before the earthquake, an SSE took place at a relatively
shallow depth between the two large slip patches. Associ-
ated with this SSE, foreshocks also began. Both slow slip
and foreshock activity propagated from north to south to-
ward the southern asperity patch. Two days before the
earthquake, an M 7.3 foreshock occurred in the vicinity of
the hypocenter of the Tohoku-Oki earthquake, again in
the area between the two asperity patches but relatively
deep compared with the SSE that had begun about
1 month earlier. This foreshock was accompanied by after-
shock activity and postseismic slip located in the updip
area between the two strong asperity patches. In addition,
a slow slip event began c. 1.5 days before the Tohoku-Oki
mainshock. This slow slip event and foreshock activity
again propagated from north to south toward the main-
shock hypocenter, the initial rupture point of the Tohoku-
Oki earthquake, leading to the final rupture of the great
megathrust earthquake.Competing interests
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